Introduction Treatment of thoracic symptoms related to lung cancer with palliative radiotherapy is routinely performed in conjunction with radiation oncology practice. Various clinical trials, meta-analyses, practice guidelines, consensus statements, and Cochrane reviews have been conducted on different questions related to palliative thoracic radiotherapy considerations including: patient selection, external-beam radiotherapy dose fractionation, endobronchial brachytherapy, and chemotherapy. Discussion Novel radiotherapy technologies such as stereotactic ablative radiotherapy may allow new populations to benefit from radiotherapy. These new populations include: early stage lung cancer patients not fit for surgery that previously would be treated with best supportive care or palliative approaches and the treatment of oligometastatic lung metastases.
Introduction
Lung cancer is the leading cause of cancer-related death worldwide [1] . Unfortunately, up to 40 % of lung cancer patients present with metastatic disease. While chemotherapy is often considered for these patients, palliative radiotherapy is also important for patients who have not responded to systemic treatment, have relapsed, or have contraindications to potentially toxic drugs. For these radiotherapy patients, the goal of treatment is often to minimize symptom burden from metastatic disease. Similarly, the use of palliative radiotherapy may also be directed to alleviate or prevent symptoms related to local/regional tumor burden on anatomic structures within or near the thorax. Respiratory symptoms such as dyspnea, cough, and airway obstruction; vascular issues such as superior vena cava obstruction; gastrointestinal manifestations such as esophageal obstruction and dysphagia; and pain from chest wall/rib invasion and brachial plexopathy could all potentially benefit from palliative radiation. In total, it is felt that approximately one third of patients will experience a global improvement in quality of life (QoL) from palliative lung radiotherapy [2] .
Prospective clinical trials assessing the effect of various medical interventions to assess a variety of patient-reported symptom and survival outcomes in advanced thoracic malignancies have been conducted. These interventions can be classified as surgical (i.e., stenting and pleurodesis), radiotherapeutic (external-beam, stereotactic, and brachytherapy), and medical (palliative/best supportive care and chemotherapy) strategies administered either as a standalone or integrated fashion to optimize patient care. Within the context of palliative thoracic radiotherapy for lung cancer, prospective clinical trials have evaluated optimal dose fractionation, the use of endobronchial therapy, the addition of chemotherapy as a radiosensitizing agent during fractionated radiotherapy, and the use of stereotactic ablative radiotherapy (SABR) for oligometastatic disease. Other areas of more limited but emerging comparative-effectiveness research include: patient selection, timing of intervention, evaluation of patient preference, and economic considerations in the selection of treatment modality. In addition, the establishment of advanced radiotherapeutic techniques such as SABR, have afforded radical treatment for lung cancer patients who would otherwise not be treated (or treated with palliative intent) based on other medical co-morbidities. The increasing use and familiarity of these advanced radiation technologies have also opened up the possibility of treatment of oligometastatic lung metastases in a more aggressive fashion.
The primary focus of this review will be on palliative thoracic radiotherapy for non-small cell lung cancer (NSCLC), but will also discuss unique aspects related to recent developments in small cell lung cancer, the oligometastatic disease state, and SABR. This paper can be divided in three broad themes:
1. To review the foundations of what has already been established in palliative thoracic radiotherapy, with a focus on published clinical trials 2. To review and discuss emerging data and trends in radiotherapeutic options for patients with advanced thoracic malignancies, with a focus on both clinical trials and other forms comparative-effectiveness research 3. To discuss active areas of research and future directions for research in this challenging patient population
The foundations of palliative lung radiotherapy
External-beam radiotherapy
Palliative thoracic radiotherapy is a cornerstone of Radiation Oncology practice, with older estimates from the UK perspective suggesting that 20-25 % of a typical Radiation Oncologist's practice deals with lung-related issues, and 90 % of these treatments are palliative in nature [3] . Initially, fractionation schemes for palliative thoracic radiotherapy in stage IV NSCLC were largely developed empirically, and were subjected to more rigorous clinical trial evaluation in the 1980s and 1990s. [4] was drafted, and then updated [5] to determine the most effective and least toxic palliative radiotherapy regime to improve or prevent thoracic symptoms and/or overall survival. In this review, of 14 randomized control trials [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , the authors concluded that there was no strong evidence that any of the reviewed dose fractionation schedules provided greater palliation than the other. Patients with good performance status and treated with higher doses of radiotherapy had a modest increase in survival of 5 % at 1 year and 3 % at 2 years, but at the cost of increased acute toxicity, in particular esophagitis.
Fairchild et al. [20] performed a meta-analysis of 3,473 patients from 13 randomized trials [6] [7] [8] [9] [10] [11] [12] [13] [15] [16] [17] [18] [19] since 1985 that evaluated different dose fractionation schemes for palliative lung radiotherapy. The authors found that there was a greater likelihood of symptom improvement and a modest benefit in overall survival with radiotherapy schedules of 35 Gy 10 BED (i.e., 30 Gy in ten fractions) or greater. These findings informed various consensus papers including the American Society for Radiation Oncology (ASTRO) practice guideline [21] , and an international consensus statement [22] . The general recommendations from the above reviews and guidelines are that radiotherapy schedules of 35Gy 10 BED (i.e., 30 Gy in ten fractions) or greater should be considered for patients with good performance status. Treatment with a small fraction number is indicated and appropriate in patients who have poor performance status, guarded life expectancy, limited transportation access to treatment, or require rapid treatment completion prior to or in between chemotherapy cycles.
Endobronchial brachytherapy
Endobronchial brachytherapy (EBB) refers to the placement of a radioactive source within or close to a tumor to provide local high-dose radiotherapy. The treatment involves the placement of a catheter within the lumen of the airway to facilitate the placement of a high-dose rate radioactive source in anatomical proximity to the area of concern. EBB employs the principle of the inverse square law, where there is a rapid dose fall-off from the radioactive source, and as such, there is limited dose deposited in the remainder of the lung. This treatment option is a particularly attractive one for the palliation of endobronchial lesions that are causing dyspnea, hemoptysis, cough, or obstructive pneumonitis. However, there are several prerequisites to this treatment: (1) the ability to pass the endobronchial tube through the length of the obstructive lesion, (2) the skills and training necessary to perform the procedure, (3) adequate facilities/access to OR time, and (4) trained support staff to assist in the procedure.
Recent reviews of randomized control trials comparing EBB with external beam radiotherapy as upfront palliative measures in advanced lung cancer did not find any benefit of EBB when used as a primary modality or as an adjunct to external beam radiotherapy [23, 24] . These reviews and other guidelines support the use of EBB when there is endobronchial obstruction, given the improved reexpansion rates in a randomized clinical trial [25] , as well as in the context of when a patient has failed external beam radiotherapy and has recurrent endobronchial obstruction. While EBB is a reasonable treatment option in these scenarios, the recently published ASTRO guideline reiterates that there is no consensus on the ideal prescription regimen, and that EBB is inferior to external beam radiotherapy in the initial palliation of thoracic symptoms [21] .
Chemotherapy
Chemotherapy has been established as a standard of care for patients with metastatic NSCLC. In multiple randomized clinical trials comparing platinum-based chemotherapy with best supportive care (BSC), a survival benefit is noted for younger patients with good performance status without compromising QoL [26] [27] [28] . This benefit appears to be maintained even in the elderly with a moderate performance status [29] . The advantage of palliative chemotherapy for stage IV NSCLC patients is not limited to a benefit in survival and QoL. In the European Big Lung Trial, where 725 patients with advanced NSCLC were assigned to BSC or cisplatin-based chemotherapy, fewer patients receiving systemic treatment required palliative radiotherapy (47 %) when compared to the BSC group (74 %) [26] .
A review of the literature reveals only one phase III randomized clinical trial assessing the use of concurrent chemotherapy and palliative radiotherapy for NSCLC [30] . In this study, patients were treated with 20 Gy in five fractions with or without continuous infusion 5-fluorouracil. Not only was there no difference in palliation of symptoms and survival outcomes, the concurrent chemoradiotherapy arm were associated with a significant increase in treatment-related toxicity. In routine practice, stage IV NSCLC patients are often treated in a sequential fashion with both palliative radiotherapy and systemic chemotherapy. In general, symptomatic patients unsuitable for radical treatment receive upfront palliative radiotherapy, while chemotherapy is given upfront for patients who are either asymptomatic or have minimal symptoms. Additionally, palliative radiotherapy can be "sandwiched" between chemotherapy cycles for the palliation of symptoms that occur during a course of chemotherapy.
Small cell lung cancer SCLC represents approximately 15-20 % of primary lung malignancies, and is characterized by its high sensitivity to chemotherapy, rapid rate of growth, and tendency to metastasize early. In the situation where there is a contraindication to chemotherapy, SCLC may be palliated with radiation, as SCLC is also known to be quite radiosensitive. This is, however, with the recognition that survival outcomes with radiotherapy alone are dismal [31] . In the setting of palliative thoracic radiotherapy for extensive stage disease, common dose fractionation schedules used for the palliation of non-small cell lung cancer (see above) can be utilized for small cell cancer.
The use of prophylactic cranial irradiation following concurrent chemoradiotherapy to the thorax has been well established in SCLC patients with limited stage disease, with a meta-analysis showing a survival benefit of 5 % at 3 years [32] . A similar benefit has been recently established for extensive stage SCLC patients with a partial response to initial chemotherapy, reducing the risk of symptomatic brain metastases, and significantly improving both disease-free and overall survival [33] .
Emerging trends in palliative lung radiotherapy

Patient preferences
As modern Medicine moves away from the traditionally patriarchal approach of "the doctor knows best", patients are more inclined to be active participants in their own health and medical decision-making-a concept known as shared decision-making. Tang et al. reported the evaluation of a decision aid for patients with metastatic lung cancer on radiotherapy treatment fraction length. The tool enumerated the pros and cons of two palliative thoracic radiotherapy fractionation schedules (17 Gy in two fractions vs. 39 Gy in 13 fractions), with regards to various patient, technical, and cost endpoints [34] . The patients participating in the study were split in their decision, with 55 % choosing the longer fractionation schedule citing improved local control and survival. Conversely, 45 % selected the shorter fractionation schedule because of improved convenience, lower cost, and better symptom control. Interestingly, more than half of the patients ultimately were treated with the alternate treatment option at the advice of the treating physician. This study highlights that today's patient can often be highly informed (or sometimes misinformed) by the plethora of information publically available, and thus it is important for physicians to educate and inform them of their options. They conclude that the most sound treatment decision is one in which both the physician and patient are in agreement of the proposed plan of action.
Economic considerations
Given the ever-rising costs in health care, it is important for doctors to be gatekeepers in resource allocation, weighing the factors of patient benefit and economic considerations. Two important economic analyses have been published on the topic of palliative thoracic radiation. Recently, a cost-utility analysis was performed based on clinical trial results comparing 16 Gy in two fractions versus 30 Gy in ten fractions [35] . In this type of analysis, survival and utility (QoL) are evaluated and compared to the cost of the treatment to determine an incremental cost-utility ratio expressed in dollars per quality adjusted life years (QALY). The authors concluded that while the use of the short radiotherapy scheme was appropriate in many situations, patients with a good performance status should be considered for the longer schedule, given that it was within the $50,000/QALY threshold that many would consider justifiable on economic grounds.
Similarly, Coy et al. performed a cost-utility analysis of high-dose palliative radiotherapy versus best supportive care in advanced NSCLC [36] . This study is important in that it provided estimates of cost-effectiveness and cost-utility ratios in a framework that cannot be performed in the context of a randomized control trial, as many would consider withholding palliative radiotherapy in a randomized manner unethical. The study found that from both the societal and the clinic perspectives, palliative thoracic radiotherapy was also within the $50,000/QALY threshold.
Stereotactic ablative radiotherapy
The outcomes for patients with stage I NSCLC who are left untreated are dismal, with a population-based study demonstrating a 5-year overall survival of only 6 % [37] . Treatment with conventionally fractionated external beam radiotherapy demonstrates only marginal improvements in outcome when compared to no treatment [38] . Elderly and comorbid patients with lung cancer are less likely to receive radiotherapy due to concerns about comorbidity, frailty, or the perceived efficacy of treatment with palliative treatment deferred until the development of symptoms [39] . The emergence of novel technology in radiation oncology has afforded new treatment options for such patients. SABR (also commonly referred to as stereotactic body radiotherapy, or SBRT) exploits advances in technology to deliver multiple beams of high-dose, highly conformal radiation usually in five fractions or less. SABR has been shown to be safe and an excellent treatment option for the elderly [40] , patients with severe COPD [41] , or previous pneumonectomy [42] . In fact, a Markov model argues that withholding (i.e., best supportive care approach) SABR from stage I NSCLC patients based on advanced age and severe COPD is not justified, given the potential for a benefit in survival and health-related quality-of-life with SABR treatment [43] .
Because of how effective SABR is for patients with stage I NSCLC, there has been increasing interest in exploring its use in patients with oligometastatic disease. This disease state was first defined in 1995 and refers to a stage of disease where cancer has spread beyond the site of origin, but is not yet widely metastatic [44] . With a limited burden of metastatic disease, radical treatment of these sites either surgically (metastatectomy) or with SABR could result in long-term disease control, and even cure for a limited subset of patients [45] . For instance, a recent report described excellent outcomes for elect stage IV NSCLC patients with a solitary brain metastasis that are treated with resection and whole brain radiotherapy, and aggressive measures in the thorax [46] . Similarly, in a recent phase I/II patients treated with SABR for one to three lung metastases from a variety of primary tumors, local control was remarkably 96 % at 2 years, and 2-year survival was 39 % [47] . The results of these studies must be taken within the context, however, that they represent a highly selected patient population.
To further elucidate the role of SABR in oligometastatic patients, a multi-institutional clinical trial, Stereotactic Ablative Radiotherapy for Comprehensive Treatment of Oligometastatic Tumors (SABR-COMET) is now open for accrual [48] . In this randomized phase II study, patients with up to five metastases (no more than three within one organ system) are randomized to either the standard of care (palliative radiotherapy to any symptomatic site, with further chemotherapy at the discretion of the Medical Oncologist) versus SABR to all known metastatic deposits with further chemotherapy at the discretion of the Medical Oncologist. In this trial of 99 patients, the primary endpoint is overall survival, with secondary endpoints evaluating QoL, toxicity, number of cycles of chemotherapy required, and progression-free survival.
Future directions
Timing and/or combination of treatments Given recent advances in oral targeted systemic agents, we are likely to see data emerging on the concurrent or sequential use of these agents along with palliative external beam radiotherapy for advanced lung cancer patients. In general, these medications appear to be well tolerated, and are likely to play a large role in the era of personalized medicine. Similarly, in the context of oligometastatic disease, there is a paucity of data concerning if and when chemotherapy should be combined with SABR to optimize patient outcomes. The role of chemotherapy in this context would be to eradicate microscopic disease (rather than to radiosensitize) that ablative treatments would not otherwise encompass.
The role of advanced radiotherapy technologies
The paradigm in palliative thoracic radiotherapy is efficient treatment planning in which target volumes are defined via easily accessible and convenient radiographic techniques such as chest X-ray, bronchoscopy, and/or computed tomography, with the addition of a wide margin. The benefit of the use of advanced technologies such as intensity-modulated radiotherapy, image-guided radiotherapy, four-dimensional computed tomography, and positron emission tomography. However, given the amount of time and/or complexity required to employ these modalities, any therapeutic benefit from a radiotherapy point of view may be outweighed by delays in treatment. Limited information is available regarding the implementation of such technologies in the routine care of patients requiring palliative radiotherapy.
Conclusions
Radiotherapy appears to be an effective and efficient means to palliate symptoms caused by local/regional spread of lung cancer. Short fractionation schemes are indicated for symptomatic patients with poor performance status, with longer higher dose regimes reserved for those who are fit. Advances in radiation technology have enabled the radical treatment of patients who were once considered palliative either because of their disease burden, or because of co-morbid illness. While clinical trials mature, the emergence of alternate forms of research such as comparative-effectiveness, cost-utility analyses, and patient preference take on greater importance to guide clinicians and their patients to the most appropriate decisions for individual scenarios.
